Qualitative measurements of leaks in air ows are frequently conducted in engineering. However, an environmentally friendly leak rate measurement technique which yields quantitative results and is applicable to hot, large-scale circular air ows (≈10 kg/s; ≈700°C) with high leak rates has not been presented yet. This paper describes the development, test and validation of a stationary and a dynamic, helium based tracer gas method on a lab-scale model of a solar air receiver with partial air recirculation. Helium is chosen as tracer gas since it is environmentally friendly, stable under high temperatures and is also cheap for large-scale air ows. The tracer gas is injected either continuously or intermittently into the model system, its concentration is measured using a mass spectrometer and the static or dynamic concentration response of the system is used to determine the leak rate. The stationary method needs two measurement points upstream and downstream the leak, the dynamic method only one measurement point if applied to a circular air ow system. Since the dynamic method is time dependent the transfer function of the measurement setup was determined and the dynamic measurement error considered. An extensive uncertainty analysis is presented for both the stationary and dynamic method. Exemplary measurements were conducted at the model system with very good results.
Introduction
Concentrated solar energy provides an environmentally friendly and virtually unlimited source of high-temperature heat [12] . As in most renewable energy research, cost reduction is the main research goal. It is therefore essential to quantify all factors that inuence the eciency of energy production. The examined open volumetric receiver concept was build on a large scale as the Solar Tower Jülich demonstration solar power plant [10] . Here the sunlight Email address: Arne.Tiddens@dlr.de (Arne Tiddens) structure of the receiver and is partially sucked in again.
The fraction of the blown out air which is sucked in again, is called air return ratio (ARR) (Eqn. 1). At this point the examined leak of the system occurs.
To achieve a high receiver eciency it is important to decrease this leak in the air circuit. It depends on many variables such as wind, geometry of the receiver design and operational mode and is so far unknown. Since this leak can be reduced by a multitude of measures, it is of vital importance to be able to measure it [16, 15] . [14] does not lead to correct results, since the outlet temperature is not well dened. This occurs because the outlet air is heated by the outsides of the absorber cups while it is blown out [1] .
Due to the above mentioned diculties, we decided to use a tracer gas method, whereby a tracer gas is injected and measured in the air ow. This is the only possibility, since all other measurable, intrinsic properties of the air are correlated to the temperature.
Tracer gas measurements are widely used in medicine, in ventilation experiments for buildings and air-conditioning systems. Inert tracer gas washout tests are for example used to perform extended lung function tests [11] . In contamination experiments Tang et al. [13] use a tracer to simulate the spreading of diseases in hospitals. Similarly the spreading of hot or cold air is quantied in buildings [7] . For example Ghazi and Marshall [6] use a carbon dioxide tracer gas to determine and characterize leaks across windows, Cui et al. [2] use a decay rate method to determine the air change rate of buildings. These measurements however are not transferable to the described measurement environment, due to the harsh conditions at the Solar Tower Jülich. The high circular air mass ows with large leak rates do not allow for any gases already present in air or environmentally harmful gases. The occurring surface temperatures further limit the possible tracer gas candidates. The commonly used SF 6 can for example only be heated without decomposition up to 500°C in the absence of catalytic metals and has furthermore the highest global warming potential of all gases [9, 5] . Fig. 1 . The air is sucked through the receiver (6) by a fan (10) and is then returned to the receiver front through 13 air return tubes (8) . The model is designed regarding the theory of similarity, to produce a ow pattern in front of the receiver similar to that of the Solar Tower Jülich.
Due to the smaller size, modications to the air circuit are simpler than at the full scale solar power plant. The fan can be operated at dierent frequencies to control the air mass ow. The air mass ow is measured to allow the measurement with dierent air mass ow rates by a thermal ow mass sensor (5) . The receiver can be covered by a removable lid (7) , to test for unwanted leaks. By closing the receiver and removing some of the 13 return air tubes, dierent scenarios with xed, unknown leak rates can be created for validation purposes (sec. 4.3).
To conduct a tracer gas measurement, helium (1) is injected into the system at (4). The helium mass ow is controlled using a mass ow controller (2) . The resulting helium concentration is then measured by extracting a sample at either point of measurement (9), (11 3. Theory
Tracer Gas Method
The high temperatures, high air mass ow, openness and presence of concentrated solar radiation of the future measurement environment pose requirements on the choice of tracer gas. The tracer gas must hence be environmentally friendly, stable under high temperatures and may only occur in air in low concentrations (see Table 1 ).
This reduces the choice of tracer gases down to the noble gases. Due to economic reasons we chose helium.
The relative leak rate of the system per circulation is dened as
wherebyṁ out is the air mass ow leaving before the leak, andṁ return is the part of this air which is returned to the air circuit. ARR is the previously mentioned air return ratio, which is dened by Ahlbrink et al. [1] as ARR = m return /ṁ out .
Under the assumption that the amount of injected helium is small compared to the airow, it can be assumed that the molar mass of the examined air ows are equal.
Furthermore, it can be approximated thatṁ out =ṁ in . A mass balance as indicated in Fig. 2 results iṅ m return +ṁ amb =ṁ in =ṁ out .
The helium mass balance at the indicated point iṡ
whereby χ He is the helium concentration at dierent locations in the air circuit as shown in Fig. 2 .
To be able to determine the leak rate l from helium concentrations, the helium concentration of the return air which is blown out χ He,out , must be the same as the helium concentration of the return air being sucked in again χ He,return . In front of the receiver the blown out air is mixed by dispersion as well as diusion. Since the mixing is turbulent that occurs, the dispersion is much faster than the diusion. This arises from the dierent origin of dispersion and diusion in turbulent ow. Whereas diusion is caused by the small-scale Brownian motion, the turbulent dispersion is caused by gusts and eddies [3] . Since dispersion is therefore the dominant cause of mixing, andṁ Table 2 : The table shows the number bottles (50l, 300bar) needed to achieve a helium concentration of 100 · χ He,amb for one hour for dierent air mass ows (ṁ in ) and leak rates.
furthermore has no eect on χ He,return , the eect of diusion can be neglected, causing χ He,return = χ He,out .
With Eqs. 2,3 this leads tȯ
Combining this with Eqn. 1, the leak rate can be expressed
This shows, that the leak rate can be determined measuring only χ He,in , χ He,out and χ He,amb , as long as χ He,out = χ He,amb . To achieve this, helium must be injected into the system.
The locations of the added helium and the concentration measurement are chosen to be applicable at the Solar Tower Jülich and allows the static (sec. 3.2) as well as dynamic (sec. 3.3) measurement techniques to be applied.
The location of the point of injection is furthermore chosen, so that the injected helium is mixed by the fan before the next measurement location (see Fig. 2 ). The helium injection time was minimized to reduce consumption, reduce measurement time and increase temporal resolution without lowering measurement result quality. The amount of helium which is added is small resulting in a low helium concentration of around (1 ∧ ≈ 200 · χ He,amb ) in the system, which is a concentration that can be realistically achieved at the Solar Tower Jülich. Table 2 shows the amount of helium needed for dierent scenarios to achieve a helium concentration of 100·χ He,amb for one hour, which is a realistic time frame for several experiments during a day.
Static Circular Concentration Measurements
The simplest way to determine the leak rate via a tracer rate measurement is to inject the tracer gas before the leak and measure the initial concentration at measuring point 1 (χ He,out ) and the nal concentration at measuring point 2 (χ He,in ) as shown in Fig. 2 . After the concentration reaches equilibrium, the point of measurement is switched every two minutes. In Fig. 3 
Peripheral Leakage Measurement
To measure the leak rate of the receiver only, it must be assured that the rest of the air circuit is leak tight.
To achieve this, the front of the receiver was sealed (see 
Dynamic Circular Concentration Measurements
The advantage of the dynamic circular concentration measurement is that only one point of measurement is needed. The measurement is conducted by injecting helium with a xed ow rate and duration into the system and measuring the resulting concentration response over time (see Fig. 6 ). In contrast to the static measurement, the transient concentration curves are relevant and the complete concentration curve is tted instead of measuring at equilibrium.
The point of measurement is chosen to be directly behind the blower, since the concentration of helium across the cross section of the piping is homogeneous there. The disadvantage of the dynamic measuring method is that its measurement procedure and the evaluation of the data is more complex than of the static measurement.
In Fig. 7 the theoretical concentration response is shown if dispersion of helium is ignored. The leading edge shows an increase of concentration until the concentration reaches its maximum at equilibrium. As soon as the helium injection is stopped, the helium concentration decreases every cycle with a period length of T , by the factor (1 − l).
The results of a realistic measurement in Fig. 6 show, that the distinguished concentration steps in 
χ He,trailing (t) = A(1 − l meas ) t/T .
3.3.1. Measuring the Circulation Period
The circulation period of the air system T is required to determine l meas from Eqs. 6 and 7, since it is the only other unknown variable.
The period T can be measured by injecting a concentration peak with the shortest experimental period possible into the system. By measuring the time it takes between two measurements of this concentration peak at the same measurement point, the circulation period is measured. A measurement of the circulation period is shown in Fig. 8 . 
Measurement of the Transfer Function of the Set-up
The mass spectrometer measurement of the dynamic concentration in sec. 3.3 have to be corrected for its response characteristics. Therefore, the transfer function of the measurement set up must be known to be able to correct the resulting dynamic error. Since dealing with a complicated measurement system, the transfer function is determined by conducting a black box system analysis. By introducing a step function into the system, the transfer function G(s) can be measured since L(χ step (t)) = G(s)·s. Hereby L(χ step (t)) is the Laplace transformed of the step response χ step (t) and the parameter s is the complex number frequency. The step function is realized experimentally by lling a ask with dierent helium-air mixtures and covering the ask with a rubber seal. By attaching a plug and needle to the end of the measuring probe, the rubber seal is pierced, the probe enters the ask which is immediately sealed again by the plug (see Fig. 9 ). The measured step response is shown in Fig. 10 .
As shown in Fig. 10 , the transmission element PT 2 response is a very good t for the concentration step response, since the normalized root-mean-square deviation is very close to zero. The transmission element PT 3 doesn't yield more accuracy but introduces an unnecessary variable. Therefore the PT 2 model is chosen, resulting in a step response in the time domain of χ He,step,norm (t) = 1 −
with T 1 , T 2 as tting parameters. Since we are treating the measurement setup as a black box, the transfer function must be determined at dierent concentration levels of helium χ He,const in the ask (see Fig. 9 ). frequency domain, corresponding to the PT 2 transmission element is found to be
Compensation of Dynamic Measurement Error
Since the uncorrected concentration data can be accurately be described by the theoretically expected Eqs. 6 and 7 and the corrected data should also be describable by these equations, the corrected leading edge χ cor should be expressible as
with the corrected leak rate l cor . Since the maximum helium concentration has no eect on the relative leak rate.
Since this must furthermore be true for all t R ≥ 0, it follows that
whereby cor dyn is the dynamic correction function. That this is the case is exemplary shown with the leading edge. Figure 11 shows the general outline of the derivation. The
Laplace transformed of Eqn. 6
χ He,leading (s) = χ He,leading (s) can be divided by Eqn. 9 to yield
Transferred back to the time domain using the inverse
Introducing a function f (T 1 , T 2 , l meas , T ) dened as
Eqn. 14 can be expressed as 
Having analytically found cor dyn , it can be seen that cor dyn is measurable, since T 1 , T 2 can be determined by tting the step response shown in Fig. 10 . The measurement of the circulation period T is shown in sec. 3.3.1, the uncorrected leak rate l meas is determined from Eqs. 6,7. It must however be noted, that T 1, T 2 are determined empirically and must be determined for dierent maximum helium concentrations, so that the correction can be applied to all measurement scenarios. Fig. 12 shows the dependence of the correction function on the circulation period T and leak rate l meas for a xed T 1, T 2. It can be seen that the correction is most important for large leaks and short circulation times.
Peripheral Leakage Measurement
A further measurement that must be conducted, is the 
Uncertainty Analysis
Uncertainty analysis is very important to assess the signicance of the results. Therefore a sensitivity analysis to screen for relevant variables is conducted and the uncertainties are estimated according to the Guide to the Expression of Uncertainty in Measurement [4] using [8] .
Finally the static and dynamic methods are validated with one another. All presented uncertainties are displayed with a 95% coverage factor.
Sensitivity Analysis
A sensitivity analysis has been conducted to get a better understanding of the most inuential factors on the leak rate and on its type A measurement error. In order to examine the inuence of a maximum of variables with a reasonable eort, an experiment using a D-optimized experiment plan has been conducted [17] . The amount of injected helium was hereby examined with more detail, since a great discrepancy between concentration values could have been an indication for a diusion related uncertainty. injected helium amounts of 25 std l /min to 50 std l /min could not be identied for the dynamic method. This can be explained by the fact, that the dynamic method is more robust against uctuations in concentration levels, due to the tting of the signal over time.
The ambient temperature, ambient air pressure and small variations in the air mass ow had no signicant inuence on the results and were not further examined.
Uncertainty Estimation
We will start with an uncertainty analysis of the static method, followed by the dynamic method, covering the necessary variables in the order as they are used.
Due to the measurement with the mass spectrometer a type B measurement uncertainty in helium concentration and time has to be considered. It is reduced by calibrating the mass spectrometer before each measurement campaign.
To calculate the type A measurement uncertainty of the static tracer gas method of l meas , the standard deviation of the concentration measurements at both points of measurement are calculated and the uncertainty is propagated using Gaussian error propagation. Since the static measurement is independent in time, only the type B measurement error in helium concentration must be considered.
The variables necessary to determine the leak rate l are shown in Table 3 with their measurement uncertainties for one specic measurement. To calculate the type A measurement uncertainty of l meas of the dynamic measurement, rst the type A uncertainty is determined from the goodness of t of both the leading as well as the trailing edge. Since this leak rate determination is independent of the maximum helium concentration but dependent on time, the only type B measurement uncertainty which has to be considered is the timing uncertainty. Since the time in Eqs. 6,7 is divided by the circulation period a linear clock drift would be canceled out. Since the tting is robust against small uctuations in time, the type B measurement uncertainty of the mass spectrometer is not introduced.
The uncertainty in the circulation period T has only a very small type A measurement error, due to large statistics made possible by the automated measurement setup and tting as well as the short circulation period.
A further uncertainty occurs due the determination of the transfer function cor dyn . It arises due to the dicult nature of the experiment. By not introducing a perfect step function into the system when determining the transfer function, the transfer function will most likely be overestimated. The type A uncertainty is determined using the standard deviation of the ten smallest correction values.
The uncertainty of l cor is calculated by error propagation.
Validation of Measurement Methods
In order to validate the static and dynamic measurement method, the leak rate for four dierent measurements scenarios was measured using the dynamic and the static measurement method. The scenarios with a xed unknown leak rate were created by closing the receiver with a lid and removing a certain amount of the 13 return tubes. Each static measurement which is shown consists of 8 minutes of helium injection, after two minutes the measurement starts. Every 60 seconds the measurement point is switched, in total 5 minutes of the measurement data is used as indicated in Fig. 13 . For each dynamic measurement point ve peaks of 60 seconds each is followed by a pause, resulting in 5 minutes of active measurement, making it comparable to the static measurement. Figure 6 shows three of such 60 second peaks. three measurements in Fig. 15 .
The leak rate was determined to be l stat = (36.1±2.3)% and l dyn = (34.5 ± 3.6)%. This corresponds to an air return ration of ARR stat = (63.9 ± 2.3)% and ARR dyn = (65.5 ± 3.6)%. The uncertainties are given with a 95% coverage factor. Both methods deliver values which lie well within their uncertainty bounds.
Conclusion
An environmentally friendly, quantitative leak rate measurement technique suitable for large scale and hot air ows was developed. A tracer gas method using helium was chosen. The circular nature of the measurement environment allowed us the development of a dynamic tracer gas measurement technique. This additionally technique allows us the validation of the leak measurement and has the further benet of needing only one measuring point.
The two methods were successfully validated for four xed leak rates. The measurement results of the two measuring methods lie within the error of measurement. The absolute uncertainty is smaller for small leak rates (l stat = (21.8 ± 2.0) %, l dyn = (24.5 ± 1.0) %) than for larger ones (l stat = (62.4 ± 4.6) %, l dyn = (60.0 ± 4.3) %). This is to be expected, due to a better signal to noise relationship at lower leak rates and the fact that the uncertainties of the corrections are relative to the leak rate.
One exemplary measurement has been presented, with a mass rate ofṁ = (0.247 ± 0.008) kg /s resulting in a leak rate of l stat = (36.1 ± 2.3)% and l dyn = (34.5 ± 3.6)%.
Due to the successful measurement at laboratory scale it can be expected, that the leak rate measurements or alternatively the air return ratio measurements at the Solar Tower Jülich will yield reliable results. 
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